As agricultural systems continue to intensify, there is a need for farmers and farm advisors to understand how soil, climate and management interactively affect nitrogen losses at the paddock scale through the various pathways. This is particularly the case in dairy systems because of the complexity of nitrogen inputs including fertilisers, dairy effluent and grazing which are all managed on a paddock basis. Computer-based decision support tools have been in use to build farm advisors' capacity to identify high risk nutrient loss environmental conditions and management practices specific to a particular paddock or farm. SafeGauge for Nutrients uses site specific soil and rainfall information in combination with user-entered management practices (including inputs of nutrients) to assess the risk of off-site nutrient movement to surface water (by runoff) and groundwater (by drainage), as well as the atmosphere (by denitrification). SafeGauge is currently configured for use in the sugarcane cropping systems of Queensland, Australia. In this paper, we present the design of a nitrogen loss decision support tool for high rainfall dairy systems based on SafeGauge for Nutrients. Users define the paddock being simulated through a range of inputs including: paddock position in the landscape (slope, depth to groundwater, distance to watercourse and area of the paddock), soil type, animal management (number of cows per paddock, grazing rule, grain/forage fed per cow) and paddock management (fertiliser/manure/effluent usage), a subjective estimate of actual dry matter yield for the previous rotation, and target dry matter yield for the current rotation. Information on management practices in combination with a pasture-nitrogen response function and animal nitrogen conversion efficiency are used to estimate pasture nitrogen demand for a grazing rotation and nitrogen contribution to the paddock by urine/dung. Surplus nitrogen for the day in the grazing paddock is determined from pasture nitrogen demand, nitrogen from urine/dung, fertiliser/effluent/manure nitrogen, nitrogen fixation to soil and nitrogen losses on the previous day. Finally the tool predicts the daily risks of nitrogen loss via the various pathways using daily average runoff, deep drainage and soil moisture (obtained by running a biophysical model for 50 years for various soil types and climatic zones) in wet, average and dry years. Percentage water filled pore space derived from daily soil moisture values determines the atmospheric losses via denitrification. The risks are then modified to account for differences in slope and paddock position in the landscape. The tool provides a visual representation of the risk in all three pathways as well as a summary report on nitrogen input/output balance for the current and last grazing periods of the selected grazing paddock. Results are comparable to the available field measured data and modelled outputs from biophysical models.
INTRODUCTION
Environmental impacts of pasture based agricultural systems has long been acknowledged in various countries including Australia (Di and Cameron 2002; Dougherty et al. 2004; Eckard et al. 2004b; Wilcock et al. 2007 ). Off-farm nitrogen (N) losses from dairy systems through runoff, deep drainage and emissions of greenhouse gases can have significant environmental impacts as well as affecting the efficiency of N use in production. Nitrogen-use efficiency in Australian dairy systems ranges from 15 to 50% (Gourley et al. 2012) , despite the comprehensive knowledge about pasture production response to N and the environmental consequences of excess N availability in the soil. Furthermore, over the last two decades N inputs to dairy systems have rapidly increased in the form of increased N fertiliser application, increased brought-in feed with high N content and increased farm intensity (Gourley et al. 2012; Burkitt, 2014) .
There are a range of tools which can be used to inform and develop our understanding of N export from dairy pastures. Biophysical models integrate complex biological and physical processes are used to investigate how N inputs to farms via various management practices, pasture, soil and climate interact, and how the N can be efficiently utilized to minimize off-farm losses (Bryant et al. 2011) . However, many such models are complex and input intensive and thus cannot be used easily by land owners or farm advisors. As an alternative, computer-based decision support tools have been developed to build farm advisors' and farmers' capacity in identifying high risk nutrient loss environmental conditions and management practices specific to a dairy paddock or farm. Decision support tools such as the Farm Nutrient Loss Index (Melland et al. 2004) operate on an annual average basis but do not capture the temporal sensitivity of nitrogen management. Both the changes in environmental conditions and the tactical decisions of farmers arise on short temporal scale, therefore the decision support tools should be able to capture these changes and respond to the pasture-soilclimate-management interactions at those temporal scales. SafeGauge for Nutrients, developed for the Queensland sugar industry assesses the risk of off-site nutrient movement to surface water (by runoff) and ground water (by drainage) as well as the atmosphere (by denitrification) at daily time step (Moody et al. 2008) .
In this paper, we present the design of a nitrogen loss decision support system for rainfed dairy systems using SafeGauge for Nutrients as a base tool. The main purpose is to help farm advisors to identify the risk of N losses and the relative size of various N loss pathways (runoff, drainage and denitrification) on a daily time scale for a user selected grazing paddock and time period.
SAFEGAUGE FOR DAIRY (SAFEGAUGE_DAIRY)

Scope/capacity
SafeGauge for Nutrients was used as a basis for developing a tool which can define N inputs, N flows and losses from rainfed dairy paddocks (SafeGauge_dairy). In developing SafeGauge_dairy, minimal changes were made to the original structure of SafeGauge, highlighting that the tool can be further developed for a range of industries. SafeGauge_dairy is intended to be used as part of training for advisors both within the Fertcare Carbon Farming and Extension Program and in the ongoing development of advisors who undertake Fertcare training. The tool will assist in "calibrating" advisors ability to identify high risk N loss situations on rainfed dairy farm paddocks, and develop an understanding of nutrient loss and management. Initially SafeGauge_dairy will be a CD version to be used as a training tool; it is not anticipated that it would be used each time an advisor develops a nutrient plan or makes a fertiliser recommendation.
SafeGauge_dairy qualitatively assesses the potential risk for off-site nitrogen (N) losses by runoff, drainage and denitrification as a result of on-farm N use and management in grazing dairy paddocks. The tool, by integrating user-provided information on paddock/site characteristics, N inputs to the paddock and paddock management options, allows the user to assess the risks in different pathways due to a single factor or several factors combined. SafeGauge_dairy operates on a paddock scale and assesses the risks for the current and last grazing rotations on a daily basis.
Structure
SafeGauge_dairy is underpinned by a database of runoff, drainage and soil moisture for a range of climate stations and soil types, pasture yield response to N fertilizer function which have previously been used in the Dairy Nitrogen Fertilizer Advisor (Stott et al. 2015) , and a database of dairy supplementary feed, fertilizer mixes and their N content (Gourley et al. 2010) . Figure 1 shows a flow chart of inputs and the risk estimation processes in SafeGauge_dairy. User inputs, estimation of daily water losses, soil N inputs and outputs and daily available N estimation are the main components. Australia
User Inputs
User input details for SafeGauge_dairy have been grouped into (a) Location/soil details (b) Pasture and animal management (c) Fertiliser and effluent management for the last and current rotations and, (d) Block/grazing paddock characteristics.
(a) Location/soil details: In this section, the user is required to enter the location of the paddock (latitude, longitude, Australian state), select the soil group based on the description provided that matches the paddock and also select whether the risk assessment is for an average, wet or dry year.
(b) Pasture and animal management: The user selects the pasture type, percent legume mix, ground cover, grazing rule, number of cows grazed, pre and post grazing dry mass and supplements fed to the cows. These details are entered for the last and current grazing rotations. Details entered in this section facilitate the estimation of N inputs/outputs of the grazing paddock other than fertilizer and effluent and include N intake by pasture to support the grazing cows, the animal excreta N input to the paddock and N fixed in soil by the legumes.
(c) Fertiliser and effluent management: The user is required to enter the type of fertilizer and effluent applied, date applied and method applied.
(d) Block characteristics: The user is required to select block characteristics such as slope, distance to water course and depth to ground water from the ranges provided, and also enters the area of the paddock. 
Lookup table for daily runoff, drainage and soil moisture
Daily average runoff, drainage and soil moisture time series (look up table) were derived by running a 1D pasture growth model run in CAT (Weeks et al 2008) for combinations of soil groups (relevant to Victoria), climate (for the stations in high rainfall zone, Victoria), and a slope of 0.5% for 50 years. Soil characteristics were from McKenzie et al. (2000) and climate data were from the SILO database. Daily average runoff, drainage and soil moisture were calculated for wet, dry and average years based on the categorization of 50 years of annual rainfall into wet (top 20 th percentile), dry (bottom 20 th percentile) and average. The userentered inputs are used to select daily runoff, drainage and soil moisture data specific to the paddock characteristics and the year type from the embedded lookup table.
Estimation of soil N inputs and outputs
Estimation of pasture growth and response to nitrogen is a complex process usually accomplished by deterministic pasture growth models. We used a simplified but robust, existing functional relationship. National N fertilizer responses model on dairy farms was used in the Dairy Nitrogen Fertilizer Advisor (Stott et al. 2015) . It is a production function relating single N application rates to pasture consumption over a grazing rotation, at a particular season (summer, winter, spring and autumn) and in a particular region. As the pasture yield is scaled (0-1), user inputs such as the fertilizer amount applied for the last rotation, the corresponding dry matter produced (pre-grazing dry mass) in that paddock and the post-grazing dry mass are required to estimate the absolute pasture dry mass consumed. User entered details of pasture management with the N fertilizer response function allows the estimation of N required or used for the animal-consumed pasture in the current rotation.
Commonly used supplements in Australian dairy farms (concentrates and forages) and their N content is available in a database (Gourley et al. 2010) . User input details of pasture consumption, supplements fed to cows, and the database enable the estimation of total N intake by animals. Animal N conversion efficiency of 65 to 85 was reported by Gourley et al. (2010) however, an average value of 70% was used in SafeGauge_dairy to calculate the N contribution to the paddock as animal excreta during grazing. i.e. 70 % of the total N intake by animals will be deposited as excreta. From this excreta 1/3 is estimated to be dung N and 2/3 as urine N. This separation is essential as the urine N is the main, immediate contributor to N loss pathways. It was further assumed that on average 10% of the urine N volatilizes (Johnson et al. 2008) Regression equations by Ledgard et al. (2001) and Unkovich (2012) were used to estimate N fixed in shoots for white clover and lucerne respectively. Ledgard et al. (2001) was preferred for white clover as the function takes into account of the influence of fertilizer N on N fixation. A multiplication factor of 1.75 and 2 times the herbage N fixed were used for white clover and legume respectively, to estimate total N fixed (Unkovich, 2012) . Data on initial soil mineral N status in dairy soils are difficult to obtain. However, it is assumed 10 mg-N kg of soil -1 exists as ammonium and nitrate (from default value used in DairyMod) and this does not change with time.
A database of commonly used fertilisers in dairy and their N content (Gourley et al. 2010 ) enables the estimation of fertilizer N input to soil.
Estimation of daily available N for losses (Daily N surplus)
Based on the user entered details in sections (a), (b) and (c), the embedded database and the functional relationships, the available N in the selected grazing paddock is estimated on a daily time step as, The estimated available N is in the form of ammonium and nitrate. Although both forms of N contribute to losses by runoff, only nitrate N contributes to losses in denitrification and drainage (ammonium will be adsorbed by soil). To partition the estimated available N into ammonium and nitrate, the default nitrification rate in DairyMod was applied. DairyMod (Johnson et al. 2008 ) is a one-dimensional, biophysical model developed for New Zealand and Australian grazing systems. 
Daily N loss ratings in various pathways
The daily available N combined with location-specific runoff and drainage and the paddock area was used to derive a qualitative risk of N movement to surface waters and ground water. It was assumed that denitrification occurs when percent saturated pores is greater than 60%. Daily soil moisture values derived from the database and the porosity of the soils were used to estimate percent water filled pore space. Denitrification rate of 0.1 mg N kg of soil Thayalakumaran et al., Extending SafeGauge for Nutrients to dairy in high rainfall zones of Victoria, Australia Nitrogen loss rating tables (Table1) were developed based on a series of integrated DairyMod_Howleaky model (Thayalakumaran et al. 2013 ) runs for high rainfall zone dairy paddocks and some measured data (Barlow et al. 2007) . Daily N losses by runoff were found to vary from 0-6 kg-N ha . Based on the measured and modelled N loss ranges for each of the three pathways the following rating tables were derived. 
Daily N loss risks in various pathways
The daily N loss risks are then modified to account for differences in slope and paddock position in the landscape using information entered by the user. Daily risk of N loss in runoff is modified depending on the slope and distance to the water course, while the risk of N loss in drainage is modified for the slope and depth to ground water. Slope modifier is based on the CAT modelling results of runoff and drainage for a range of slopes in high rainfall zones. Modifiers for water table depth and distance to water course were adapted from the original SafeGauge for Nutrients.
Finally, risks are reported as daily risk index for current and last grazing rotations, and also in the form of gauges with scales in graphical form. In addition, a summary report with various N inputs and outputs of the paddocks is provided for the two grazing rotations.
DISCUSSION AND CONCLUSIONS
SafeGauge_dairy was applied to a field site with measured N losses and a few hypothetical scenarios. A dairy paddock of 5 ha on a dermosolic/redoxic hydrosol in Gippsland, Victoria was selected as an example as this block has leaching and denitrification measurements by Eckard et al. (2004a) . Pasture was a rye grass and white clover mix (9% legume) with greater than 90% cover. Pasture was grazed for two days starting on 7/8/98 and then on 27/9/98 with a stocking rate of 2.8 cows/ha. Pasture consumption was 1340 kg ha in each application. Paddock slope was 1%, distance to water course was >300 m and the depth to water table was greater than 1.5 m. As shown in Table 2 , the numbers from SafeGauge_dairy are in reasonable match with the measured N losses in leaching, N fixation and denitrification losses. Figures 2 & 3 show the differences in the N loss risks for a hypothetical grazed pasture paddock on a low permeable soil and medium rainfall zone (Fig 2) and the same paddock on a high permeable soil in a high
Thayalakumaran et al., Extending SafeGauge for Nutrients to dairy in high rainfall zones of Victoria, Australia rainfall zone (Fig 3) , during an average rainfall year. The risk index for drainage was high in the current grazing period in Figure 2a as opposed to Figure 2b because of the coincidence of surplus N and a large rainfall event. In Figure 3b , though the N surplus did not change (as there was no changes to paddock management), several runoff risk days and drainage N loss risks over a continuous 7-day period were observed during the last grazing. These risks are driven by changes in runoff and drainage caused by the rainfall and the highly permeable nature of the soil. The testing of SafeGauge_dairy, though limited to a few observed and scenario runs, provides confidence for use in dairy grazing paddocks to identify risks of N losses and the relative magnitude changes to differences in management and environmental conditions, and their interaction. The next step is testing of SafeGauge_dairy with industry professionals for functionality, usability and logic. 
